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Abstract— The paper presents two models based on uniform 
market pricing to analyze the impact of CO2 emission policies on 
electricity market and market prices. Results of the model 
reveals the interaction between total CO2 emission and different 
CO2 emission prices, as well as the electricity prices in response 
to these CO2 emission prices.  By comparing the effectiveness of 
two market offering mechanisms in emission reduction, an 
advanced mechanism is discovered as well as the long term 
influences it will bring to the power system. 
Index Terms— CO2 emission, electricity market, emission 
reduction . 
I. INTRODUCTION 
The global warming caused by green house gas (GHG) 
emission has become a big issue in the world. The average 
temperature has increased over 1ºC over the past century [1] 
due to GHG. In addition, climate change has seriously 
affected the world in various aspects. Especially in some areas, 
extreme weather and natural disasters cause more problems 
than ever before. 
Since the Kyoto Protocol was first issued in 1997, a 
number of emission-related policies and regulations have been 
established in order to reduce the environmental impact 
caused by greenhouse gas emissions. With the goal of 
reducing the emission level of 2050 to be at least half of that 
in 1990s [2], a series of market and policy-oriented 
mechanisms have been designed, such as EU Emission 
Trading Scheme (EU-ETS), Joint Implementation (JI), and 
Clean Development Mechanism (CDM) etc. [3]. Most of 
which were proven to be effective in reducing greenhouse gas 
emissions. However, these emission-related schemes are quite 
sensitive to the fluctuation of economy. For example, the EU 
has experienced two major economy recessions in the year of 
2008 and 2011 (debt crisis in Greece, Spain and Italy), which 
led to very sharp drop of the emission allowance prices (EUAs, 
CERs and ERUs) [4]. In this case the performance of the 
trading scheme against emission reduction might be 
compromised.  
Power industry has been one of the major contributors of 
greenhouse gas emission, and CO2 takes the most proportion 
of the entire discharge amount. By allocating and trading CO2 
allowances, clean generation units are more likely to be 
dispatched with higher output in generation scheduling. 
However, the effectiveness of the trading scheme, is very 
much dependent on economy conditions, any economic 
downturn might cause a mis-evaluation of CO2 emission 
allowance price and failure in emission reduction. On the 
other hand, reasonable estimation on the value of CO2 
emission is critical to the regulator on formulating relevant 
policies. 
A series of researches have been carried on considering 
policies in dispatch models. A multi-objective dispatch model 
is presented considering both environmental and economic 
issues in [5]; In [6], a dispatch model is presented based on 
actual conditions of Portuguese power systems, and the paper 
delivered convincing evidence of how the system operation 
could be affected by a environmental based dispatch model.  
In [7], a summary of environmental/economic dispatch 
algorithms are provided. The papers focus on policy-
concerned generation scheduling and optimization algorithms. 
In this paper, a uniform market price based electricity 
market model is presented to test the market reaction to carbon 
emission-related policies, this model is tested with the 
standard IEEE 118-bus testing system and solved with GAMS 
software platform. The rest of this paper are organized as 
follows: In Section II, the specific process of model 
construction will be given. Characteristic descriptions as well 
as system data will be provided in Section III. Section IV will 
include a series of case studies on the market interactions with 
different CO2 emission allowance prices, and the conclusion 
will be drawn in Section V.  
II. PROBLEM FORMULATION  
In this paper, we adopt a uniform market price based 
electricity market model. Each generator provides generation 
offers to the market operator in advance. The market is cleared 
with uniform market price based on the merit order of the 
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generators while considering power flow and network 
configuration.  
A. Constraints  
The market price, ρ is a variable in the optimization model. 
As the offer price of the last selected generator will determine 
the market price, constraint (1) and (2) are provided to 
determine the market price. A binary variable wi is introduced 
to indicate whether a generator i is selected or not.  
𝜌 ≥ 𝑤𝑖 × 𝑏𝑖𝑑𝑖                                     (1) 
𝑤𝑖 × 𝑃min, 𝑖 ≤ 𝑃𝐺𝑖 ≤ 𝑤𝑖 × 𝑃𝑚𝑎𝑥,𝑖                    (2) 
𝑤𝑖 × 𝑄min, 𝑖 ≤ 𝑄𝐺𝑖 ≤ 𝑤𝑖 × 𝑄𝑚𝑎𝑥,𝑖                   (3) 
where, 𝑃𝐺𝑖  represents for generation output of generator i. wi is 
the 0, 1 binary variable that indicates whether generator i is 
selected or not, and bidi is biding price of generator i 
Generation PGi is within its upper and lower limits,  (𝑖)𝑃𝑚𝑎𝑥,𝑖  and 𝑃𝑚𝑖𝑛,𝑖  , and 𝑄𝐺𝑖  is within the upper and lower 
limits,  𝑄min, 𝑖  and 𝑄𝑚𝑎𝑥,𝑖    
Other constraints are basically similar to traditional power 
dispatch models, such as power balance equations, voltage and 
phase angle limit etc.  
Power balance equations: 
𝑃𝐺𝑖 − 𝑃𝐷𝑖 = 𝑈𝑖 ∙�𝑈𝑗 ∙ (𝐺𝑖𝑗𝑐𝑜𝑠𝜃𝑖𝑗 + 𝐵𝑖𝑗𝑠𝑖𝑛𝜃𝑖𝑗)
𝑗∈𝑖
   (4) 
𝑄𝐺𝑖 − 𝑄𝐷𝑖 = 𝑈𝑖 ∙�𝑈𝑗 ∙ �𝐺𝑖𝑗𝑠𝑖𝑛𝜃𝑖𝑗 − 𝐵𝑖𝑗𝑐𝑜𝑠𝜃𝑖𝑗�   (5)
𝑗∈𝑖
 
     
Where 𝑃𝐷𝑖 and 𝑄𝐷𝑖 denote the demand of active power and 
reactive power at bus i, respectively. 
Voltage and angle limit: 
𝑈𝑖 ≤ 𝑈𝑖 ≤ 𝑈𝑖                                          (6) 
𝜃𝑖 ≤ 𝜃𝑖 ≤ 𝜃𝑖                                          (7) 
In this paper, the impact of CO2 emission policy and CO2 
discharge price is concerned in the power system, therefore, 
the modified model is analyzed based on the aforementioned 
regular power market model. 
B. Model I. Minimizing theTotal Cost of Power Generation 
and Emission Cost 
In this model, the objective is to minimize the total 
payment to power generation units or companies from the 
system operators’ aspects. The CO2 emission cost is also 
introduced in the objective function. It can be rewritten as: 
𝑀𝑖𝑛 �(𝜌 × 𝑃𝐺𝑖𝑁𝐺
𝑖=1
+ 𝐸𝑚𝑠𝑝𝑐 × 𝐸𝐺𝑖)                  (8)  
The first item represents the settlement in electricity 
market. NG is the number of generation units within the 
system and 𝜌 is the market price.  The second item of the 
objective represents the CO2 emission cost, in which Emspc 
and 𝐸𝐺𝑖  represent CO2 emission price ($ per ton) and CO2 
emission amount of generator i. In this model, the emission 
price is not a variable, it is not included in the offers from 
generators. 
C. Model II. Considering CO2 Emission Cost in Biding Price 
The objective of this model is: 
𝑀𝑖𝑛 �𝜌 × 𝑃𝐺𝑖𝑁𝐺
𝑖=1
                                    (9) 
however, the market price 𝜌  in this model contains CO2 
emission cost due to CO2 emission price being considered in 
the price offer, and the constraint of offering price should be: 
𝜌 ≥ 𝑤𝑖 × (𝑏𝑖𝑑𝑖 + 𝐸𝑚𝑠𝑝𝑐)                   (10) 
By analyzing and comparing these two models, the market 
interaction with CO2 emission price is simulated and it is 
possible to reveal how and to which degree the CO2 emission 
cost will influence the power market and generation schedule. 
III. TESTING SYSTEM CHARACTERIZATION 
A. System Configuration 
This system model is tested with IEEE 118-bus system, as 
shown in Figure 1 [8]. It consists of 54 generation units, 91 
loads side and 186 branches. The generation mix and relevant 
parameters are set based on the system configuration in [9] 
with a few modifications. The system generation mix is shown 
in Table 1. 
TABLE I.  GENERATION MIX OF THE TESTING SYSTEM 
Unit type Number of generators Generation output (MW) 
Nuclear 1 500 
Hydro 2 600 
Coal 30 6520 
Oil 10 295 
Gas 11 330 
B.  Curves of  Generators’ Generation Cost and Emission 
Cost 
The system has one nuclear and two hydro units, the costs 
of which are nearly zero because these two generating units 
hardly consume any fuel. The rest generators are all thermal 
units including coal-fired, oil-fired, and gas-fired units, whose 
cost characters can be expressed as quadric polynomials. As 
part of market pricing mechanism, generators will offer their 
marginal costs, which are the first order derivatives of the 
quadric cost function. The coefficient of the first order item in 
the offering function is very small, hence the constant item is 
decisive to the cost feature. Usually, the costs of gas-fired 
units are about 1.5 to 2 times of the coal-fired generators.  
The CO2 emission cost follows the linear relationship 
between the emission amounts 𝐸𝐺𝑖  and generator outputs 𝑃𝐺𝑖 . 
Therefore, the CO2 emission cost can be written as: 
𝐸𝑚𝑠 = 𝐸𝑚𝑠𝑝𝑐 × 𝑇𝑦𝑝𝑖 × 𝐼𝑑𝑥𝑖 × 𝑆𝑡𝑑𝑒𝑚𝑠 × 𝑃𝐺𝑖        (11) 
Where, 𝐸𝑚𝑠𝑝𝑐 is the regulated CO2 emission price ($ per 
ton).  𝑇𝑦𝑝𝑖 , 𝐼𝑑𝑥𝑖 , 𝑆𝑡𝑑𝑒𝑚𝑠  are used to represent type coefficient, correction index and standard emission level, respectively. 
 
Figure 1.  Standart IEEE 118-Bus System
Type coefficient indicates generators’ type, for example, 
𝑇𝑦𝑝(𝑖) for coal-fired generators is set as 1, 0.72 and 0.51are 
fixed for oil-fired and gas-fired units respectively according to 
each emission features. Correction index usually relates to the 
capacity of generation unit, since generators with large 
capacities are normally more efficient in reducing CO2 
emission, their correction factors are set to be lower than those 
of small generators’. The correction indices are set within the 
range of 0.9 to 1.4. The standard emission level is fixed at 0.8 
ton per MWh, which depends on the average emission level of 
coal-fired units in the testing system. 
IV. CASE STUDY 
A. Market Interaction to Different Emission Prices in Model 
I 
The differences of two models are quite obvious, model I 
considers CO2 emission in the objective function, and these 
extra emission costs will not be concerned in generators’ 
biding strategies. In this case, the market reactions to 
difference CO2 emission cost will be listed and analyzed. 
Figure 2 shows the market price and the total CO2 emission 
amount corresponding to different CO2 emission price. In this 
figure, the electricity market clearing price keeps unchanged at 
the value of $17.84  when the CO2 emission price is increasing 
from 0 $ to $7. As soon as the CO2 emission price reaches $8, 
an abrupt change of market clearing price takes place and the 
price jumps to $18.28  per MWh, then keeps unchanged again. 
Although the market price increases very little, it is 
noteworthy that the total emission amount of the entire system 
is significantly reduced, for instance, when the CO2 emission 
price is under $7, the emission fluctuates slightly around 62.9 
ton. However, as the CO2 emission price reached $8  per ton, 
the total emission has been reduced by nearly 4.4%. 
 
Figure 2.  Market Price and Total Emission Against Emission Price 
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Analyze the reason of this drop point at emission price 
between $7 and $8, it is because of the specific generation mix 
of this system, as well as the generation and emission cost 
features of each generator. In this model, the objective is to 
minimize the combined cost (generation cost-related market 
clearing price and CO2 emission cost), and since the emission 
cost is not considered in the biding strategies, the apparent 
cost (biding price) only relies on the generation cost. On the 
other hand, the generation cost of a coal-fired unit is usually 
lower than those of gas-fired and oil-fired units, but its 
emission is the highest. Therefore, when the emission price is 
low, the combined costs of coal-fired generators are still lower 
and these generators are more likely to be chosen in the 
generation schedule. As the emission price is high enough to 
push the coal-fired units’ combined cost higher than gas units, 
these gas generators start taking part in the generation 
schedule and become new marginal units (biding prices do not 
include emission cost, so the gas units’ apparent cost features 
are still higher), and the emission amount takes a sudden 
change and the emission price influences system dispatch plan 
in the most efficient way by this point. 
B. Comparing the Total Payment and Market Clearing 
Prices of Both Models Corresponding to Different 
Emission Price 
In this case, market clearing price and the total payment of 
both models are recorded, and the result is shown in figure 3. 
 
 
Figure 3.  Total Payment and Market Clearing Prices Against Emission Price
It is shown that for the market model I, the market price 
does not change much when the emission price increases from 
0 to 10. The total payment, however, rises almost linearly and 
more obviously than the former. On the other hand, the rising 
curves of market price and the total payment in model II are 
even steeper than those in model I, which means that market 
model II is more sensitive to emission price. Nonetheless, as it 
is illustrated in Fig.4, the emission reduction in model II 
seems quite unpredictable, as soon as the emission price is 
introduced (start at $1), the emission is reduced effectively, 
but then fluctuates slightly and irregularly. Once the emission 
price is more than $8, model I becomes more efficient in 
emission reduction. In another word, the mechanism of market 
model II dose work as the emission cost is concerned, but the 
effectiveness does not change under different prices. 
 
Figure 4.  Total Emission of Two Models 
C. Profit Analysis of Different Type of Generation Units in 
Model I 
In this case, three typical generation units are selected, 
which represent for nuclear (hydro), coal-fired and gas-fired 
units respectively, the profits are illustrated in Figure 5. It is 
shown that the nuclear (hydro) units can always obtain a 
windfall profit, the higher market clearing price settled, the 
more profit these units will gain. For other thermal units in the 
system, however, since the emission cost is not considered in 
the biding price, the combined cost is far more beyond the 
market price, especially for the coal-fired units.  
 
Figure 5.  Profit of Three Typcal Units 
And we call this extra cost ‘Negative Profit’. With this 
‘negative profit’ existing, thermal units need to pay for the 
100000
150000
200000
250000
300000
15
20
25
30
35
40
45
0 1 2 3 4 5 6 7 8 9 10
To
ta
l P
ay
m
en
t(
$)
 
M
ar
ke
t C
le
ar
in
g 
Pr
ic
e(
$)
 Market Clearing Price
of Model I ($)
Market Clearing Price
of Model II ($)
Total Payment of
Model I ($)
Total Payment of
Model II ($)
CO2 Emission Price ($) 
58
59
60
61
62
63
64
65
0 1 2 3 4 5 6 7 8 9 10
CO
2 E
m
iss
io
n 
(T
on
) 
Model I
(ton)
Model II
(ton)
CO2 Emission Price 
emission due to every MWh they generate. However, the 
government or other relevant divisions should make a 
regulatory support to cover this cost, because thermal units are 
the majority of the system generation mix, while renewable 
energy and nuclear units cannot cover the entire demand of the 
system. Nonetheless, with regulatory support, units with less 
emissions should be compensated for their contribution to 
environment. This mechanism will promote the development 
of renewable energy units as well as cleaner thermal 
generation units and motivate the transform of system 
generation mix in long term. 
V. CONCLUSION 
In this paper, two models based on the uniform price 
market are constructed, which are related to the system 
generation mix and cost features of the generation units (both 
generation cost and emission cost). Models and results based 
on other market price mechanisms such as location marginal 
price and nodal spot price will be discussed in next phase of 
research, in which the system structure will be one of the key 
considerations. Case studies are conducted in order to analyze 
the market interaction with different market mechanism and 
different emission prices. By simulating the operating process 
and comparing the market reactions of the two models, the 
conclusion can be drawn that market model I is more 
advanced comparing to model II, because the market will be 
operated in a  more steady and efficient way when CO2 
emission price increases. The emission in model I is 
significantly reduced when emission price reaches certain 
points. The value of this price, however, differs due to 
different generation mix, generator costs and emission features. 
It should be analyzed specifically in different systems. In 
addition, the proposed mechanism is verified to be effective in 
promoting the development of cleaner generation units and 
renewable energy and change the composition framework in a 
long term. 
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